AtSR1 is a protein kinase of Arabidopsis thaliana, which belongs to the SNF1-related protein kinase subfamily 3. We previously showed accumulation of its transcripts to be responsive to light. In this study, we examined the interaction between AtSR1 and six calcineurin B like proteins of Arabidopsis and found that AtSR1 prominently interacts with one of them, AtCBL2, by yeast two-hybrid assay. Interaction between AtSR1 and AtCBL2 could also be directly confirmed in vitro by pull down assay. RNA blot and reverse transcription-polymerase chain reaction analyses showed that transcripts of AtCBL2, and also of AtCBL1, another CBL, increased upon illumination of leaves. The physiological meaning of the interaction of AtSR1and AtCBL2 is not clear, but they presumably function in signal transduction of light.
Introduction
Hundreds of sequences that are considered to encode protein kinases have been found in many plant genomes and this number is still increasing as the genome projects of various plants proceed. For example, generation of the whole genomic sequence of Arabidopsis has facilitated isolation of kinase-like sequences (The Arabidopsis Genome Initiative 2000). However, even if protein kinases are identified based on sequence homology, it is not easy to determine their physiological function. Identification of interacting proteins may give us crucial information in this regard, since the activity of protein kinase is often regulated by the action of other proteins.
Recently two independent research groups reported that a family of proteins with similarities to the calcineurin B subunit (CBL: calcineurin B like), interacts with a group of protein kinases (SnRK) similar to SNF1, which plays an important role in glucose repression of yeast. Many reports concerned sos (salt overly sensitive) mutants of Arabidopsis , the SOS3 gene being found to encode a protein similar to calcineurin B, a regulatory subunit of calcium-dependent protein phosphatase involved in various phenomena in yeast and animal cells (Liu et al. 1991 , Chang et al. 1995 , Rao et al. 1997 , Hemenway and Heitman 1999 , Mendoza et al. 1994 , Stathopoulos and Cyert 1997 . Subsequently, four proteins interacting with SOS3 were identified by yeast two-hybrid screening . These proteins, SIP1-4 (SOS3 interacting proteins), are protein kinases belonging to the SnRK3 family. SOS2 also encodes a protein kinase similar to SIPs and interacts with SOS3 . From genetic evidence, SOS2 seems to be a real partner of SOS3 in vivo . Isolation of four cDNAs encoding CBL from Arabidopsis was independently reported based on homology, among which the transcript of AtCBL1 was increased upon stresses . They also conducted yeast two-hybrid screening to isolate four cDNAs encoding protein kinases classified into the SnRK3 family (Shi et al. 1999 ), but these protein kinases (CIPK1-4) appear distinct from SIP1-4.
In previous studies, we isolated AtSR1 from Arabidopsis as a homolog of WPK4, a wheat protein kinase whose transcripts are induced by cytokinin (Ikeda et al. 2000 , Chikano et al. 2001 . Although transcripts of AtSR1 increase in response to light as well as WPK4, its physiological function remains to be clarified. Since AtSR1 has similarity with SIPs and CIPKs, it is possible that it also interacts with AtCBL family. In order to address to this hypothesis, the present investigation was undertaken.
Results

Isolation of cDNAs encoding Arabidopsis CBL family
For the purpose of obtaining all members of CBL from Arabidopsis, the genomic sequence database was screened, and eight candidates were detected. Using primers designed to amplify their predicted open reading frames, six cDNAs encoding CBL were amplified. Four of them, AtCBL1, 2, 3 and 4 (SOS3) had been already reported and one of them, AtCBL6, was reported during the period of performance of the present study . Another clone was a novel member of AtCBL family, designated as AtCBL9, because two other AtCBLs, AtCBL7 and 8, were also described during this study. AtCBL9 encodes a protein of 212 amino acid residues with a predicted molecular mass of 24,249. The deduced amino acid sequence is most similar to that of AtCBL1, showing 87% identity. AtCBL9 contains three EF-hand motifs as do other AtCBL forms and a conserved region for myristoylation [MGXXXSK] (Towler et al. 1988) at the N terminus which is also present in AtCBL1, 4 and 8. Fig. 1 shows the alignment and the phylogenetic tree of amino acid sequences of the nine Arabidopsis AtCBLs including those reported by others. To ascertain whether additional AtCBL might exist in Arabidopsis, we searched the database after completion of genomic sequencing and found one more possible candidate (accession number: AL161582).
Interaction of AtSR1 and AtCBL2
Since some members of SnRK3 family have been shown to interact with particular CBL (see Introduction), we examined the interaction between AtSR1 and six AtCBL (1, 2, 3, 4, 6 and 9) by the yeast two-hybrid assay. As shown in Fig. 2A , yeast cells co-transformed with pBD-AtSR1 and pAD-AtCBL2 could grow on selection medium containing 60 mM 3-AT, an inhibitor of His3 product, while other combinations did not make yeast grow on this concentration of 3-AT. The interactions of AtSR1 and AtCBL2 were also detected by the filter assay of >-galactosidase (Fig. 2B) . When >-galactosidase activity of each combination was quantified, only that with AtSR1 and AtCBL2 was prominent (Fig. 2C ). AtCBL3 also gave detectable activation of reporter genes through this assay, presumably related to the close similarity of its primary structure with AtCBL2. These results showed that among AtCBL proteins examined in the yeast two-hybrid assay, AtCBL2 has the highest specificity of interaction with AtSR1.
For further confirmation, binding of the two proteins was examined by pull-down assay with bacterial extract containing His-tagged AtCBL2. After mixture with GST or GST-AtSR1 fusion proteins attached to glutathion-Sepharose beads and successive washing, the bound proteins were eluted from the beads with reduced-gultathione and subjected to immunoblot analysis using an antibody against His-tag. As shown in Fig. 3 , Histagged AtCBL2 bound to GST-AtSR1 but not to the control GST. The addition of Ca 2+ to the assay mixture increased the amount of His-tagged AtCBL2 bound to GST-AtSR1.
Patterns of AtCBL2 expression
To compare the expression profile of AtCBL2 with that of AtSR1, organ specific accumulation of transcripts was determined by RNA-blot analysis. As shown in Fig. 4A , transcripts of AtCBL2 were found in all organs examined except in siliques. This expression profile is not identical to that of AtSR1, which was predominant in roots, cauline leaves and flowers. As we previously found the level of transcripts for AtSR1 to be increased by light (Chikano et al. 2001) , the effects of illumination were further examined in detail. Transcripts of AtCBL2 in detached leaves decreased to undetectable level when they were kept in the dark for 1 d (Fig. 4B) . However, within 3 h of return to light, transcripts increased and recovered to the original level (Fig. 4B) . To address whether the induction was a direct effect of light or due to accumulation of photosynthetic products such as sugar, effects of DCMU, an inhibitor of photosystem I, and sucrose were examined. Results showed the level of transcripts to be increased by light illumination, even if photosynthesis was inhibited by DCMU (Fig.  4C ). Although addition of sucrose also increased transcripts of AtCBL2, the effect was smaller than that of light.
Expression profile of AtCBLs in response to light
In order to examine whether other AtCBLs respond to light, a reverse transcription-polymerase chain reaction (RT-PCR) analysis was carried out. As shown in Fig. 5 , a distinct response to light was not observed for AtCBL3, 4 or 9. Transcripts of AtCBL6 were not detected under the PCR conditions employed in this experiment. In contrast, PCR products of AtCBL1 and AtCBL2 decreased when detached leaves were incubated without illumination (Fig. 5, lane 2) and increased again when leaves were re-exposed to light (Fig. 5, lane 3) , this light responsive expression of AtCBL2 being comparable to the results of RNA-blot analysis (see Fig. 4 ).
Discussion
Calcium plays a crucial role as a second messenger in various signal transduction pathways in animal cells. In plants, changes in the concentration of calcium in the cytoplasm in response to various stimuli such as light, plant hormone treatment, pathogen attack and sugar feeding have also been reported (Neuhaus et al. 1993 , McAinish et al. 1997 , Trewaves and Malhó 1997 , Sanders et al. 1999 . Although calcium was predicted to act as the messenger of the signals (Sanders et al. 1999) , primary sensors of the calcium signal have not been well identified except for calcium/calmodulin-dependent protein kinases and phosphatases (Harper et al. 1991 , Leung et al. 1994 . A notable finding is SOS3/SOS2, which is considered to be a novel system to transduce calcium signals. This points to other AtCBLs and SnRK3s also playing roles in calciumdependent signal transduction pathways. Indeed, AtCBL1, of which expression is induced by stresses including drought, cold and wounding , has been shown to interact with CIPK1 in a calcium-dependent manner (Shi et al. 1999 ). Since nearly twenty SnRK3 members and nine AtCBL members have so far been identified in Arabidopsis, the CBL/ SnRK3 system could make critical contributions in a variety of signal transduction pathways.
In the present study, examination of interactions between AtSR1 and six AtCBLs using yeast two-hybrid assays demonstrated prominent activation of the reporter gene only with AtCBL2. Although we did not examine AtCBL5, 7 and 8, it is reported that they do not interact with any CIPK or CIPK-like proteins and their similarity to AtCBL2 is relatively low (see Fig. 1 ). These observations are highly suggestive that AtSR1 interacts specifically with AtCBL2. The interaction observed in yeast cells could further be confirmed in vitro using fusion proteins produced in E. coli.
Since calcium was found to enhance the interaction between AtSR1 and AtCBL2, we consider that AtSR1/AtCBL2 takes part in a signaling pathway in which calcium serves as the second messenger. Currently, the identity of the pathway is unclear, but the expression profile of AtCBL2 with transcripts present in mature leaves, and disappear during dark treatment with recovery upon illumination, strongly suggests a role in light-signal transduction. This expression profile is similar to that of AtSR1 (Chikano et al. 2001) . As the expression of SOS2 is induced by salt stress , AtSR1/AtCBL2 could be located downstream of the light signal. In fact, involvement of calcium in phytochrome-mediated gene regulation has been proposed, although molecule(s) that mediates this signal has yet to be identified (Neuhaus et al. 1997) . It is attractive to speculate that AtSR1/AtCBL2 may be one candidate. However, as sugar treatment also slightly induced AtCBL2, we cannot exclude other possibilities. It is not clear whether accumulation of transcripts of AtSR1 and AtCBL2 in roots are regulated by light.
As expression of AtCBL1 is also responsive to light, it could similarly be involved in light-signal transduction. However, since it responds not only to light, but also to other stresses , the possibility of functions in multiple signal perception arises. After we completed this study, AtCBL2 was reported to interact with several CIPKs (Albrecht et al. 2001) suggesting that each AtCBL generally regulates more than one protein kinase. This is consistent with the fact that approximately twenty kinases classified into SnRK3 have been identified in spite of the existence of at most ten AtCBLs. To provide a complete picture it is now necessary to clarify the physiological function of each combination of kinase and CBL. 
Materials and Methods
Plant materials and growth conditions
For analysis of organ specificity of AtCBL2 expression, Arabidopsis thaliana L. Heynh (ecotype Columbia) was grown hydroponically in Arabidopsis inorganic medium (Somerville and Ogren 1982) to the flowering stage at 21°C under long-day conditions (16-h-light/8-h-dark cycle) at a photon flux rate of 70 mmol m -2 s -1 . Roots, stems, leaves, cauline leaves, flowers and siliques were harvested, frozen in liquid nitrogen, and stored at -80°C until use.
For analyses of effects of light and feeding of sucrose and DCMU, Arabidopsis was grown on soil in a plastic tray at 21°C under long-day conditions (16-h-light/8-h-dark cycle) at a photon flux rate of 70 mmol m -2 s -1
. Leaves were cut at the petioles with a razor blade and floated on water in Petri dishes. The cut end of the petioles was submerged into the solutions, so that the leaves were not dehydrated. For analysis of the effect of light, the detached leaves were pre-incubated in the dark for 24 h and then transferred to lighted conditions. For the effects of feeding of sucrose and DCMU, the leaves were pre-incubated for 24 h with or without 10 mM DCMU in the dark and then transferred to different media containing appropriate chemicals. After 24 h, the leaves were harvested, frozen in liquid nitrogen, and stored at -80°C until use.
Yeast two-hybrid assays
A yeast two-hybrid system, HybriZAP-2.1 (Stratagene) was employed in the present study. Vectors pBD-GAL4 Cam and pAD-GAL4-2.1 carry the DNA binding domain and the activation domain, respectively. The coding region of AtSR1, amplified by PCR with primers containing restriction sites, was cloned in flame at the SalI site of pBD-GAL4 Cam. The coding regions of AtCBL genes amplified by PCR with primers containing SalI and EcoRI restriction sites were cloned into pAD-GAL4-2.1. The sequence of each construct was confirmed by DNA sequencing. Yeast strain Y190 was transformed with these plasmids by the polyethylene glycol/lithium acetate method (Elble 1992 ) and transformants were plated on synthetic complete (SC) medium lacking Trp and Leu. Interaction assays were performed on plates containing 0, 20, 40 or 60 mM 3-aminotriazole (3-AT) in SC medium without Trp, Leu and His. Empty vector pAD-GAL4-2.1 was used as prey for control interaction with AtSR1. b-Galactosidase activity was assessed in a 5-bromo-4-chloro-3-indolyl b-D-galactoside filter-lifting assay. For quantitative assays, o-nitrophenyl b-Dgalactopyranoside was used as a substrate and b-galactosidase activity (U) was calculated as U = 1,000´(OD 420 ) / [Time (min)´Vol (ml)( OD 600 )].
Expression and purification of fusion proteins
For production of a GST-AtSR1 fusion protein, the coding region of AtSR1 was amplified by PCR with primers containing restriction sites and cloned into the BamHI and XhoI sites of pGEX-4T-1 (Amersham Pharmacia). Escherichia coli DH5a cells transformed with GST or GST-AtSR1 construct were grown at 37°C until the OD 600 reached 0.5 and then protein production was induced by addition of isopropylb-D-thiogalactopyranoside (1 mM at final concentration). The bacteria were further cultured for 3 h at 25°C, harvested by centrifugation and disrupted by sonication. The recombinant proteins were affinity-purified from bacterial lysates with glutathion-Sepharose beads (Amersham Pharmacia) and desalted with a NAP-5 column (Amersham Pharmacia). To express His-tagged AtCBL2, the coding region containing restriction sites was amplified by PCR and cloned into the EcoRI and XhoI sites of pRSET-B (Invitrogen). Escherichia coli BL21 (DE3) was used as the host strain and fusion proteins were produced in same way as GST-AtSR1.
In vitro binding assays
For pull-down assays, purified GST or GST-AtSR1 proteins were attached to glutathion-Sepharose beads in the presence of binding buffer (20 mM Tris-HCl, pH 7.5, 140 mM KCl, 5 mM MgCl 2 and 0.5% [w/v] Tween 20) supplemented with either 0.5 mM CaCl 2 or 1 mM EDTA. Then soluble proteins from His-tagged AtCBL2 expressing cells were mixed with GST or GST-AtSR1 proteins immobilized on the glutathion-Sepharose beads. After incubation at 4°C for 45 min, the beads were washed four times with the binding buffer and then bound proteins were eluted with elution buffer (5 mM reduced glutathion in 50 mM Tris-HCl, pH 8.0). Eluted proteins were resolved by SDS-PAGE and transferred to polyvinylidene difluoride membranes (Millipore). Immunoblot analysis was then performed using a monoclonal antibody raised against penta His-tag (Novagen). A horseradish peroxidase-conjugated rabbit antiserum against mouse IgG was used as the secondary antibody, and immune complexes were detected with an enhanced chemiluminescence kit (Amersham Pharmacia).
RNA-blot analysis
Total RNA was extracted by the aurintricarboxylic acid method (Verwoerd et al. 1989) . Five mg of total RNA per lane were separated on a 1% (w/v) agarose gel containing 2% (v/v) formaldehyde, capillary blotted onto a nylon membrane (Hybond, Amersham Pharmacia) with 20´SSC and fixed with ultraviolet light radiation. A specific hybridization probe for AtCBL2 was prepared from a fragment containing the AtCBL2 3¢-noncoding region (585-989 region of the fulllength cDNA), and labeled with [a-32 P]dCTP using a DNA labeling kit (BcaBEST labeling kit, Takara syuzo, Kyoto, Japan). Hybridization was carried out at 42°C for 16 h with the radiolabeled probe in a hybridization buffer containing 1 mM EDTA (pH 8.0), 50 mM TrisHCl (pH 7.5), 3´SSC, 1´Denhardt's solution, 0.5% (w/v) SDS, 10% (w/v) dextran sulfate and 50% (v/v) formamide. After hybridization, membranes were rinsed once with 2´SSC containing 0.5% (w/v) SDS, washed three times with 0.1´SSC containing 0.1% (w/v) SDS at 65°C for 30 min, and used to expose X-ray films.
RT-PCR analysis
For analysis of the effects of light on the levels of transcripts from AtCBL genes, A. thaliana L. Heynh (ecotype Columbia) was grown in a green house. The detached leaves were pre-incubated in the dark for 24 h and then transferred to lighted conditions. After 24 h, the leaves were harvested and frozen in liquid nitrogen. Total RNA samples were prepared with RNeasy Plant Mini Kit (Qiagen) and RT-PCR was carried out with cDNA synthesized from 10 ng aliquots as a template with the following cycle parameters: 25-40 times at 94°C for 30 s, 55°C for 30 s, 72°C for 1 min; once at 72°C for 10 min. The primer sequences corresponded to 20 bases of 5¢ and 3¢ ends of open reading frames of AtCBL genes. Amplified transcripts were separated on 1% (w/v) agarose gel and detected by ethidium bromide staining. As an internal standard, the level of transcripts from the UBQ5 gene was monitored (Callis et al. 1990 ) with the primers 5¢-GGTGGT-GCTAAGAAGAGGAA-3¢ (forward, positions 334-353 of full-length cDNA) and 5¢-CTACAACAGATCAAGCTTCA-3¢ (reverse, positions 576-595 of full-length cDNA).
